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Chapter 1 Introduction 
1.1 Langasite-type crystals 
Crystalline langasite (La3Ga5SiO14) is a well-known piezoelectric material and 
will be potentially used in pressure sensors [1,2] and surface acoustic wave (SAW) 
devices [3,4]. Langasite was initially studied as a candidate for laser devices [56-78].  
Langasite-type oxide crystals have a structure of A3BC3D2O14 and belong to the 
trigonal system, point group 32, and space group P321; this crystal symmetry differs 
from that of quartz, P3121 or P3221 [910-11]. The schematic projections along [100], 
[010], and [001] orientations of the A3BC3D2O14-type structure are presented in Fig. 
1.1. Here, A represents a dodecahedral site that is coordinated by 8 oxygen atoms, B is 
an octahedral site coordinated by 6 oxygen atoms, and both C and D represent 
tetrahedral sites coordinated by 4 oxygen atoms, where the D site is slightly smaller 
than the C site.  
Langasite as a piezoelectric crystal is superior to quartz and LiTaO3. High 
stability of SAW velocity for temperature change and large electro-mechanical 
coupling factor are required the substrate of SAW devices. Quartz shows high 
temperature stability but small electro-mechanical coupling factor, while LiTaO3 
shows large coupling factor but small temperature stability. Langasite crystals show 
relatively high temperature stability and large coupling factor. The electro-mechanical 
coupling factor of langasite is approximately three times that of quartz, and langasite 
also has a wider working temperature range [12], which indicates good piezoelectric 
properties for SAW devices. Another advantages of LGS is lack of a Curie point, that 
is, no change of crystal structure until its melting point at 1470 °C. 
Langasite-type crystals with A3BC3D2O14 structure that can be differentiated into 
ordered and disordered types. In the ordered structure, each site is occupied by only 
one element, as is the case in Ca3TaGa3Si2O14 (CTGS), Sr3NbGa3Si2O14 (SNGS), 
Ba3TaAl3Si2O14 (BTAS) and other materials [13] in which four elements are found at 
each of the A, B, C and D cation sites. However, not all the langasite-type crystals 
occur in ordered structures. In the disordered structures, cation sites may be occupied 
by two or more elements. In langasite, for example, La occupies the A site, while Ga 
occupies the B and C sites and half of the D site, with Si sharing the other half of the 
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D site. The unfixed occupancy of the D site produces a disordered structure in 
langasite crystals. All langasite-type crystals with three elements exhibit disordered 
structures, including langasite, langatate (La3Ta0.5Ga5.5O14) and langanite 
(La3Nb0.5Ga5.5O14). To evaluate and optimize the future high temperature applications 
of these langasite-type materials, significant effort has been applied to studying their 
piezoelectric behavior, sensitivity and electric conductivity between ambient and high 
temperatures up to 600 ºC. These studies have indicated that langasite-type crystals 
with ordered structures show better performance than either disordered langasite or 
semi-ordered langatate at elevated temperatures [14].  
Ca3TaGa3Si2O14 (CTGS) is one of the most promising candidates for applications 
in high temperature pressure sensors, since it consists of four elements and thus is 


























1.2 Ca3TaGa3Si2O14 (CTGS) used as a high-temperature 
pressure sensor 
To reduce both fuel consumption and CO2 emissions, the automotive industry 
requires highly efficient pressure sensors capable of precisely monitoring combustion 
parameters in vehicle engines [15]. The piezoelectric crystals employed in such 
pressure sensors must have a high electrical resistivity at elevated temperatures [16] 
since high temperatures typically result in drastic decreases in the electrical resistivity 
of the bulk crystal [17], which can potentially degrade the electric circuitry of the 
pressure sensor. Specifically, the bulk crystal electrical resistivity required for 
applications in an engine combustion chamber is at least 10
10
 Ω•cm at temperatures 
up to 400 °C [18]. 
The application of high-temperature piezoelectric crystals faces a challenge with 
respect to the working temperature window of the candidate material. Materials’ 
inherent phase instability, which causes an irreversible degradation of the device at 
high temperatures, must be considered. Great effort has been devoted to the selection 
of an appropriate piezoelectric crystal. However, suitable candidate crystals that 
exhibit no phase transition until their melting point and have a wide working 
temperature window are rare [19,20]. In the case of ferroelectric materials, the 
crystals will revert to their paraelectric phase and exhibit no piezoelectric properties 
when the temperature exceeds their Curie point (TC). Perovskite-type crystals, which 
have an ABO3 structure including LiNbO3, LiTaO3, and Pb(Zr,Ti)O3, exhibit a phase 
transition from ferroelectric to piezoelectric properties. Non-ferroelectric piezoelectric 
crystals may also exhibit phase-transition problems. For instance, when quartz 
undergoes a phase transition at 573 °C, the piezoelectric constant d11 vanishes and 
constant d14 remains; this leads to discontinuity in the piezoelectric behavior of the 
bulk crystal and limits the working temperature window [14]. 
For several reasons, high electrical resistance is required for high-temperature 
pressure sensors. The circuit of a pressure sensor equipped with an amplifier and a 
piezoelectric crystal is shown in Fig. 1.2. First, when the resistance of the 
piezoelectric crystal (R′) is lower than that of the amplifier (R), the circuit is disabled 
because piezoelectric charges are drained before being detected by the circuit [14]. 







Fig. 1.2  Schematic of the circuit of a high-temperature pressure sensor. R′ should be 










Equivalent electric circuit of pressure sensor
Equivalent circuit of 
piezoelectric crystal
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C represents the capacitance of the piezoelectric crystal. Second, the minimum 
working frequency of a pressure sensor, which is known as the lower limiting 
frequency (fLL), is inversely proportional to the RC time constant (Eq. 1.1). With a 
high electrical resistance, the dynamic bandwidth of the sensor is extended to 
frequencies as high as sonic frequencies [2122-23 4]. In addition to the requirement of a 
stable circuit, a high electrical resistivity in the bulk crystal is required to suppress the 
electrical loss and noise level of the sensor. 
1
LL (2π )f RC
    (1.1) 
          
  
  
   (1.2) 
The electrical resistivity ρ of piezoelectric crystals exhibits a temperature 
dependence (1000/T) that can be expressed by the Arrhenius law (Eq. 1.2), where k is 
the Boltzmann constant and Ea is the activation energy. Considering the importance of 
high resistivity and the practical requirements of industry, the desired electrical 
resistivity (ρ value) of a piezoelectric crystal used for high-temperature sensors should 
be greater than 10
10
 Ω•cm at temperatures up to 400 °C [18]. 
 Notably, in addition to the important issues of high electrical resistivity at 
elevated temperatures, the temperature dependence of resistivity, and the phase 
stability of the bulk crystal, other issues that confront piezoelectric crystals at elevated 
temperatures include the thermal instability of the piezoelectric, dielectric, and 
electromechanical properties and chemical instability (i.e., decomposition). These 
factors need to be considered when optimizing high-temperature piezoelectric crystals; 
however, the factors will not be discussed in this study. 
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In addition to the survey on the characterization of piezoelectric behavior, 
sensitivity, and electric conductivity in langasite-type crystals [14], Yaokawa et al. 
have investigated the mechanism of the electrical conductivity of langasite-type 
crystals. The electrical conduction mechanism of LTG from room temperature to 
600 °C involves the ionization of neutral Ta vacancies in the B site (   
 ). A neutral Ta 
vacancy (   
 ) formed by the incorporation of oxygen at the oxygen lattice position 
(illustrated in Eq. 1.3 and Fig. 1.3) will be ionized to yield holes (Eq. 1.4) [25]: 
 
 





 ,   (1.3) 
   
     
     ,    (1.4) 
where n represents the maximum number of holes that one metal vacancy can release 
and is equal to the valence of the cation. They further revealed that the concentration 
of holes increases with the increasing degree of the ionization of    
  due to the 
temperature increase while the concentration of    
  was constant under certain 
oxygen atmosphere. Thus, from the previous study on the conduction mechanism of 
LTG, we understand that the location of metal vacancies can dramatically affect the 











Fig. 1.3  Schematic of the formation of    





















1.3 Growth of CTGS crystals 
In the aspect of crystal growth, although several groups have grown good quality 
CTGS crystals via the Czochralski technique without reporting the occurrence of 
secondary phases [2627-,28 9], this does not mean an absence of secondary phases since 
they could hide somewhere in the melt apart from the growing crystal. In contrast, in 
the micro-pulling-down (μ-PD) method, all of the melt is consumed so that there is 
nowhere for secondary phases to hide. Yokota et al. [30] reported the occurrence of a 
Ca-Ta oxide material appearing in the peripheral portion of a CTGS crystal growing 
from a stoichiometric melt. There may be several possible reasons for the occurrence 
of secondary phases. One possibility is if the stoichiometric composition is close to 
the solid-solution boundary as is the case with LiNbO3 [ 31 ], in which the 
stoichiometric melt changes its composition during growth and happens to reach the 
eutectic point, yielding a secondary phase other than LiNbO3. In the case of CTGS, 
even the stoichiometric composition may not belong in the solid-solution region. Thus, 
it is important to determine the solid-solution region for CTGS relative to its 
stoichiometric composition, and then to generate a phase diagram for CTGS at 
elevated temperatures so as to avoid the appearance of a secondary phase. A narrow 
solid-solution region usually indicates a highly ordered structure, as the locations of 
atoms are restricted to specific sites and thus a highly homogeneous bulk crystal is 
expected. 
The phase diagrams of multi-component CTGS-type systems have not been well 
studied to date. In this work, therefore, we attempted to determine the boundary 
compositions at which CTGS coexists with secondary phases, by applying a lever rule 
to obtain the volume ratios of the secondary phases and the matrix CTGS phase, a 
process that consequently determined the solid-solution region for CTGS. 
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1.4 Purpose and overview of this thesis 
The first purpose of this study was to investigate the locations of metal vacancies 
in CTGS crystal. The location of metal vacancy strongly influences the electrical 
resistivity of the bulk crystal at elevated temperatures.  
The second aim, which is the main subject of this thesis, was to investigate the 
solid-solution region of CTGS to determine the growth conditions for CTGS crystal. 
This thesis is arranged in five chapters: 
Chapter 1 describes the background, purpose, and structure of the thesis. The 
electrical conduction mechanism and relation between the location of metal vacancies 
and the conductivity of langasite-type crystals are also presented. 
In Chapter 2, eight possible crystal-site structures of CTGS are proposed by 
applying the Hume–Rothery rules and then narrowed down to three likely structures 
by determining the degrees of freedom in the crystal sites.  
In Chapter 3, we determine the solid-solution region of CTGS by applying a lever 
rule to the data related to the compositions and proportions of the secondary phases 
coexisting with a CTGS matrix. The crystal-site structure of CTGS and the locations 
of metal vacancies are then revealed. 
Chapter 4 discusses the liquid immiscibility that may result in the secondary 
phase during CTGS growth.  




Chapter 2 Crystal-site structure of 
langasite-type crystals 
Because the electrical resistivity of langasite-type crystals is strongly affected by 
the presence of metal vacancy (VM), we investigate the locations of metal vacancies in 
CTGS crystal. This chapter focuses on the crystal-site structure of CTGS, which 
eventually narrow down the three where the possible locations of the constituent 
elements are clarified. 
2.1 Crystal-site structure  
A crystal-site structure describes the possible locations of constituent elements 
and vacancies, as well as those of antisite defects. A crystal-site structure is discussed 
in association with its solid-solution region.  
Hume–Rothery rules are used to reveal the possible pairs of solute and solvent 
elements. These rules govern the solid solution by considering the factors as follows 
[32]: 
1. Atomic size factor: The atomic diameter of the solute atom differs from that 
of the solvent atom within a range of 15%. In such cases, the size factor is 
favorable for an extensive solid solution. In contrast, when the difference is 
greater than 15%, the solubility is limited. 
2. Electrochemical effect: To form an extensive solid solution, a small 
electronegativity difference between the solute and solvent is favored. When 
the difference in electronegativity is large, the two elements are inclined to 
form compounds rather than solid solutions.  
3. Relative valence effect: A higher-valence element is more likely to dissolve 
into a lower-valence element than the vice-versa case. When the solute and 
solvent elements have a same valence, they are likely to exhibit maximum 
solid solubility.  
4. Structure of elements: To achieve high solubility over a wide composition 
range, the crystal structures and coordination numbers of the solute and 
solvent must be same. 
The Hume–Rothery rules are used to predict the elements that will form a solid 
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solution in multi-component systems [ 32 ]; these elements are favored in the 
discussion of extensive solid solutions and will be used first to propose crystal-site 
structures in langasite-type crystals with four elements. However, the word “extensive” 
in the rules is not clearly defined. The rules provide a preliminary estimation of the 
crystal-site structure. Constraints must be employed to narrow down the possible 
crystal-site structures for a limited solid solution in a multi-component material.  
The possible crystal-site structures are discussed in terms of the degrees of 
freedom in each site, which is equal to the difference in the number of elements in one 
site, # of parameter (# of para. hereafter)., minus the number of constraints, # of 
constraints  (# of const. hereafter)., as illustrated in Eq. 2.1. The principles and 
details of the degrees of freedom in site have been discussed in reference [33]. The 
constraints applied to one site are as follows:  
1. Mass conservation constraint: The sum of the ratio of all the elements in one 
site is equal to one. Notably,  is regarded as a type of element. 
2. Charge balance constraint:  is formed to compensate the charge imbalance 
caused by an antisite defect.  
3. Chemical potentials of a certain element are equal between sites (A, B, C, D), 
i.e., , which is applied to all related chemical elements and 
to : 
 
F(i) = # of para. – # of const. ≥ 0, (i represents site A, B, C, or D)  (2.1) 
 
A crystal can be formed only with a crystal-site structure that has non-negative 
degrees of freedom. In this study, we will apply degrees of freedom discussion to 




i i i i
A B C D     
mV
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2.2 Crystal-site structure of a langasite-type crystal 
with three elements 
The model of the degrees of freedom introduced in Section 2.1 is applied to a 
langasite-type crystal with three elements. The consistency between the experimental 
results from previous work [34] and the obtained crystal-site structures in the present 
section demonstrate the validity of the model of the degrees of freedom. 
Well-known and representative langasite-type crystals with three elements such 
as langatate (LTG, La3Ga5.5Ta0.5O14) and langasite (LGS, La3Ga5SiO14) have been 
extensively investigated. The solid-solution regions of LTG and LGS have been 
reported by H. Kimura et al. [34] and S. Uda et al. [35], respectively. However, 
neither group of authors discussed the crystal-site structure of these materials. 
In LTG, La
3+
 occupies the A site, whereas Ga
3+
 occupies C and D sites and half of 
the B site. Two crystal-site structures with metal vacancy locations at the A site (VA 
model) and B site (VB model) are possible, as shown in Fig. 2.1.  
In the VA model, as shown in Fig. 2.1 and Table 2.1, La
3+
 and VM shares the A site, 
which makes the # of para. of the A site equal to 2, whereas the constraints of the A 
site are mass conservation and charge balance, which makes the # of const. in the A 





 share the B site, which makes the # of para. of the B site equal to 2, whereas 
the constraints of the B site are mass conservation and chemical potential equilibrium 
of Ga
3+
 between B, C and D sites, which makes the # of const. in the B site equal to 2. 
Therefore, the degrees of freedom in the B site is also equal to 0. C and D sites are 
occupied only by Ga
3+
, and the equality of the chemical potential of Ga
3+
 between B, 
C and D sites is the only constraint in both sites. Therefore, the degrees of freedom in 
C and D sites is equal to 0. Thus, in the case of the crystal-site structure of the VA 
model in LTG, each degrees of freedom of the four sites is equal to 0, which makes 
the VA model a viable crystal-site structure. 
We applied a similar evaluation to the crystal-site structure of the VB model in 
LTG; the results are presented in Table 2.1. La
3+
 occupies the A site, which makes the 
# of para. of the A site equal to 1, and the A site has no constraints. Thus, the degrees 




, and VM share the B site, which 
makes the # of para. of the B site equal to 3; the constraints of the B site are mass   
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Fig. 2.1  Schematic of the crystal-site structures in LTG. 
 
 
Table 2.1  Degrees of freedom in each site for the VA and VB models of LTG. 
  
VA model Site
A B C D
Elements La, V Ta, Ga, Ga Ga






#(cons.) 2 2 1 1
F(i) 0 0 0 0
Ga Ga
C site B site  
Ga Ga
C site B site     
Ga Ga
C site D site
VB model Site
A B C D
Elements La Ta, Ga, V Ga Ga






#(cons.) 0 3 1 1
F(i) 1 0 0 0
Ga Ga
C site B site  
Ga Ga
C site B site     
Ga Ga





A        B         C        D
3             1             3             2
Stoichiometric











conservation, charge balance, and chemical potential equality of Ga
3+
 among B, C, 
and D sites, which makes the # of const. in the B site equal to 3. Therefore, the 
degrees of freedom of the B site is equal to 0. C and D sites are occupied only by Ga
3+
, 
and the equality of the chemical potential of Ga
3+
 between C and D sites is the only 
constraint in both sites. Thus, the degrees of freedom of C and D sites is equal to 0. In 
the crystal-site structure of the VB model of LTG, the degrees of freedom for all four 
sites is equal to 0, which makes the VB model a viable crystal-site structure. 






 in each site allows us to 
assess the solid-solution region of the VA and VB models. Compared with the 





-deficient in A and B sites, respectively, and is Ta
5+
-rich in the B site. In contrast, 
in the VB model, La
3+
 fills the A site, and the B site is Ga-deficient and Ta-rich. The 
presumed solid-solution regions of the VA and VB models are schematically presented 
for the system La2O3–Ga2O3–Ta2O5 (Fig. 2.2 (a)). The presumed solid-solution region 
is consistent with the experimental results reported by H. Kimura et al. [34] 
(presented in this study in Fig. 2.2 (b)), which indicates the validity the of the 





Fig. 2.2  Solid-solution region of LTG. (a) Presumed solid-solution regions of the 
crystal-site structures of the VA and VB models. (b) Solid-solution region of LTG 














2.3 Crystal-site structure of a langasite-type crystal 
with four elements 
In a langasite-type crystal with four elements, the possible elements for each of 





















 for the D site. More than 200 
four-element langasite-type crystals have been reported previously [11]. The 
crystal-site structures of langasite-type crystals with four elements are specific to their 
constituent elements. This section focuses on the crystal-site structure of CTGS. The 
discussion here is applicable to other langasite-type crystals with four elements. 
Hume–Rothery rules will be applied in the discussion of the crystal-site structure. 
Table 2.2 [36] presents the radius, electronegativities, coordination numbers, and the 
valence of Ca, Ta, Ga, and Si.  






 are 8, 6, and 4, respectively. 
The coordination number of Ga
3+
 is 4 or 6. Thus, the decahedral A site can 
accommodate only Ca
2+



















; thus, the candidate 
elements are as outlined in Table 2.3. The difference in radius (ΔR) between the solute 
and solvent elements was calculated using Eq. 2.2. The         
 ,          
 , and  
        
  were calculated to be 3.1 %, 44.6 %, and 80.7 %, respectively. This result 
demonstrates that very limited solid solution exists in a composition range between 









      (2.2) 
To compensate the charge imbalance caused by the incorporation of antisite 
defects, a metal vacancy is formed in the site. On the basis of the incorporation of 
intrinsic elements, antisite defects, and metal vacancies, eight crystal-site structures 
were proposed for CTGS using the Hume–Rothery rules (shown in Fig. 2.3); they are 
identified as models 1–8. Model 1 contains no metal vacancies, whereas models 2–8 
























Site            
& Coord.#
Ca (8) 1.12 1.0 +2 A (8)
Ta (6) 0.64 1.5 +5 B (6) 
Ga (4,6) 0.47, 0.62 1.81 +3 C (4) 









Fig. 2.3  Schematic of the crystal-site structures of models 1–8 in CTGS. 
  
Ca Ta Ga Si
SiGa
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VSi





Hume–Rothery rules do not sufficiently narrow down the range of possible 
crystal-site structures. The discussion based on the similar degrees of freedom in 
Section 2.2 also applies to the degrees of freedom in each site of the 8 possible CTGS 
models. 
The # of para., the number of constraints (# of cons.), and the degrees of freedom 
(F(i)) in each of the four sites in models 1–8 are listed in Table 2.4.  
In model 1 (Table 2.4 (a)), Ca
2+
 completely occupies the A site, which makes the 
# of para. of the A site equal to 1 with no constraints. Therefore, the degrees of 




 share the B site, which makes the # 
of para. of the B site equal to 2. The constraints of the B site are mass conservation, 
charge balance, and chemical potential equilibrium of Ga
3+
 between sites B and C; 
thus, the # of cons. of the B site is equal to 3. Consequently, the degrees of freedom of 




 share the C site, which makes # of para. of the 
C site equal to 2. The constraints of the C site are mass conservation, chemical 
potential equality of Ga
3+
 between B and C sites, and the chemical potential equality 
of Si
4+
 between C and D sites. The # of cons. of the C site is therefore equal to 3. 
Consequently, the degrees of freedom of the C site is equal to −1. The D site is 
completely occupied only by Si
4+
, and the chemical potential equality of Ga
3+
 is the 
only constraint in the D site. Therefore, the degrees of freedom of the D site is equal 
to 0. Because the degrees of freedom of B and C sites are negative, the crystal-site 
structure of model 1 is excluded.  
In model 2 (Table 2.4 (b)), vacancies and Ca
2+
 share the A site, which makes the # 
of para. of the A site equal to 2. The constraints of the A site are mass conservation 
and charge balance. Therefore, the degrees of freedom of the A site is equal to 0. Ta
5+
 
completely occupies the B site, which makes the # of para. of the B site equal to 1, 
and the B site has no constraints. Therefore, the degrees of freedom of the B site is 




 share the C site, which makes the # of para. of the C site 
equal to 2. The constraints of the C site are mass conservation and chemical potential 
equality of Si
4+
 between C and D sites. The # of cons. of the C site is equal to 2. 
Therefore, the degrees of freedom of the C site is equal to 0. The D site is completely 
occupied only by Si
4+
, and the chemical potential equality of Ga
3+
 is the only 
constraint in the D site. Therefore, the degrees of freedom of the D site is equal to 0. 
Because the degrees of freedom of all sites are non-negative, the crystal-site structure 
of model 2 is confirmed to be viable.  
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Table 2.4  Degrees of freedom in site for models 1–3 of CTGS. Tables a–c 
correspond to models 1–3, respectively. 
(a) Model 1 
 
(b)  Model 2 
 
(c)  Model 3 
  
Model 3 A B C D
Elements Ca V, Ta, Ga Ga, Si Si










# of const. 0 3 3 1
F 1 0 -1 0
Ga Ga
C site B site  
Ga Ga
C site B site  
Ga Ga







C site D site
Model 1 A B C D
Elements Ca Ta, Ga Ga, Si Si










#.(cons.) 0 3 3 1
F(i) 1 -1 -1 0
Ga Ga
C site B site  
Ga Ga
C site B site  




C site D site  
Si Si
C site D site
Model 2 A B C D
Elements Ca, V Ta Ga, Si Si







#.(cons.) 2 0 2 1
F(i) 0 1 0 0




C site D site  
Si Si
C site D site
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In model 3 (Table 2.4 (c)), Ca
2+
 completely occupies the A site, which makes the 
# of para. of the A site equal to 1, and the A site has no constraints. Thus, the degrees 




 share the B site, 
which makes the # of para. of the B site equal to 3. The constraints of the B site are 
mass conservation, charge balance, and chemical potential equality of Ga
3+
 between B 
and C sites, which makes the # of const. of the B site equal to 3. Therefore, the 




 share the C site, which 
makes the # of para. of the C site equal to 2. The constraints of the C site are mass 
conservation, chemical potential equality of Ga
3+
 between B and C sites, and 
chemical potential equality of Si
4+
 between C and D sites. The # of cons. of the C site 
is therefore 3. Thus, the degrees of freedom of the B site is equal to −1. The D site is 
completely occupied only by Si
4+
, and the chemical potential equality of Ga
3+
 
between C and D sites is the only constraint for the D site. Therefore, the degrees of 
freedom of the D site is equal to 0. Because the degrees of freedom of C site is −1, the 
crystal-site structure of model 3 is excluded. 
In model 4 (Table 2.4 (d)), Ca
2+
 completely occupies the A site, which makes the 
# of para. of the A site equal to 1, and the A site has no constraints. Therefore, the 
degrees of freedom of the A site is equal to 1. The vacancies and Ta
5+
 share the B site, 
which makes the # of para. of the B site equal to 2; the constraints of the B site are 
mass conservation and charge balance, which makes the # of const. of the B site equal 




 share the C 
site, which makes the # of para. of the C site equal to 2. The constraints of the C site 
are mass conservation and chemical potential equality of Si
4+
 between C and D sites. 
The # of cons. of the C site is therefore equal to 2. Thus, the degrees of freedom of the 
B site is equal to 0. The D site is completely occupied only by Si
4+
, the chemical 
potential equality of Ga
3+
 between C and D sites is the only constraint in the D site. 
Thus, the degrees of freedom of the D site is equal to 0. Because the degrees of 
freedom of all sites are non-negative, the crystal-site structure of model 4 is 
confirmed to be viable. 




 completely occupy A and B sites, 
respectively, which makes the # of para. of A and B sites equal to 1, and these sites 





 share the C site, which makes the # of para. of the C site 
equal to 3. The constraints of the C site are mass conservation, charge balance, and 
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chemical potential equality of Si
4+
 between C and D sites, which makes the # of cons. 
of the C site equal to 3. Thus, the degrees of freedom of the C site is equal to 0. The 
site D is completely occupied only by Si
4+
, and the chemical potential equality of 
Ga
3+
 is the only constraint in the D site. Thus, the degrees of freedom of the D site is 
equal to 0. Because the degrees of freedom of all sites are non-negative, the 
crystal-site structure of model 5 is confirmed to be viable. 
In model 6 (Table 2.4 (f)), Ca
2+
 completely occupies the A site, which makes the 
# of para. of the A site equal to 1, and the A site has no constraints. Therefore, the 




 share the B site, which 
makes the # of para. of the B site equal to 2. The constraints of the B site are mass 
conservation and chemical potential equality of Ga
3+
 between B and C sites. The # of 





 share the C site, which makes the # of para. of the C site 
equal to 3. The constraints of the C site are mass conservation, charge balance, 
chemical potential equality of Ga
3+
 between B and C sites, and the chemical potential 
equality of Si
4+
 between C and D sites, which makes the # of cons. of the C site equal 
to 4. Thus, the degrees of freedom of the B site is equal to −1. The D site is 
completely occupied only by Si
4+
, and the chemical potential equality of Ga
3+
 
between C and D sites is the only constraint. Therefore, the degrees of freedom of the 
D site equals to 0. Because the degrees of freedom of the C site is −1, the crystal-site 





Table 2.4  Degrees of freedom in site for models 4–6 of CTGS. Tables d–f 
correspond to models 4–6, respectively. 





















(f) Model 6 
  
Model 4 A B C D
Elements Ca V, Ta Ga, Si Si






#.(cons.) 0 2 2 1
F(i) 1 0 0 0
  
Si Si
C site D site




C site D site
Model 5 A B C D
Elements Ca Ta V, Ga, Si Si
#(para.) 1 1 3 1





#.(cons.) 0 0 3 1
F(i) 1 1 0 0
Ga Ga








C site D site
Model 6 A B C D
Elements Ca Ta, Ga V, Ga, Si Si









# of const. 0 2 4 1
F 1 0 -1 0
Ga Ga







C site B site  
  
Si Si
C site D site
  
Si Si
C site D site
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In model 7 (Table 2.4 (g)), Ca
2+
 completely occupies the A site, which makes the 
# of para. of the A site equal to 1, and the A site has no constraints. Thus, the degrees 




 share the B site, which makes the 
# of para. of the B site equal to 2. The constraints of the B site are mass conservation 
and chemical potential equality of Ga
3+
 between B and C sites. The # of cons. of the B 





 share the C site, which makes the # of para. of the C site equal to 2. The 
constraints of the C site are mass conservation, chemical potential equality of Ga
3+
 
between B and C sites, and the chemical potential equality of Si
4+
 between C and D 
sites, which makes the # of cons. of the C site equal to 3. Therefore, the degrees of 
freedom of the C site is equal to −1. The D site is shared by vacancies and Si
4+
, which 
makes the # of para. of the D site equal to 2. The constraints of the D site are mass 
conservation, charge balance, and chemical potential equality of Si
4+
 between C and 
D sites. The # of cons. of the D site is therefore equal to 3. Consequently, the degrees 
of freedom of the D site is equal to −1. Because the degrees of freedom of C and D 
sites is equal to −1, the crystal-site structure of model 7 is excluded. 




 completely occupy A and B sites, 
respectively, which makes the # of para. of A and B sites equal to 1, both A and B 





 share the C site, which makes the # of para. of the B site equal to 2. The 
constraints of the C site are mass conservation and chemical potential equality of Si
4+
 
between C and D sites, which makes the # of cons. of the C site equal to 2. Thus, the 
degrees of freedom of the C site equals to 0. The D site accommodates vacancies and 
Si
4+
 and has the constraints of mass conservation, charge balance, and the chemical 
potential equality of Si
4+
 in C and D sites. Thus, the degrees of freedom of the D site 
is equal to −1, and therefore, the crystal-site structure of model 8 is excluded. 
To conclude the above discussion, the crystal-site structures of models 2, 4, and 5 
shown in Fig. 2.3 and Table 2.4 have non-negative degrees of freedom for each of the 
four sites. Thus, they are confirmed to be viable in CTGS. This result shows that 
metal vacancies will not be located at the D site. Metal vacancies in models 2, 4, and 
5 are located in A, B, and C sites, respectively, and models VA, VB, and VC will be used 




Table 2.4  Degrees of freedom in site for models 7–8 of CTGS. Tables g–h 
correspond to models 7–8, respectively. 


















Ca Ta Ga Si
VSiGa
Model 7 A B C D
Elements Ca Ta, Ga Ga, Si V, Si











#.(cons.) 0 2 3 3
F(i) 1 0 -1 -1
Ga Ga
C site B site  
Ga Ga
C site B site  
  
Si Si
C site D site  
Si Si
C site D site
Model 8 A B C D
Elements Ca Ta Ga, Si V, Si
# of para. 1 1 2 2






# of const. 0 0 2 3
F 1 1 0 -1
  
Si Si
C site D site   
Si Si
C site D site




The crystal-site structure describes the locations of intrinsic elements, antisite 
defects, and metal vacancies. This chapter introduces the Hume–Rothery rules and the 
model of the degrees of freedom in site to narrow down the possible crystal-site 
structures associated with the solid solution among the constituent elements of Ca, Ta, 
Ga, and Si. 
The Hume–Rothery rules govern the primary substitution solid solution and are 
used to propose crystal-site structures in certain compositions of crystals. The 
proposed crystal-site structures are further narrowed down by the model of degrees of 
freedom in site, which is evaluated by the difference in the number of elements in one 
site, # of para., minus the number of constraints, # of cons. The crystal-site structure 
is possible only when the degrees of freedom for each of the four sites is non-negative. 
They are VA, VB and VC crystal-site structures where the metal vacancy is located in A, 




Chapter 3 Solid-solution region for a 
CTGS crystal 
The study of the solid-solution region of a compound is important from both the 
scientific and technological view points of crystal growth. A narrow solid-solution 
region usually accompanies a highly ordered structure because atoms are restricted to 
specific sites; thus, a highly homogeneous bulk crystal is expected. The solid-solution 
region characterizes the composition shift from the stoichiometric composition of a 
crystal, which reveals the sites of vacancies and anti-site defects, as denoted in 
Section 2.1. Possible crystal-site structures of the VA, VB, and VC models that have 
metal vacancies in sites A, B, and C, respectively, have been proposed on the basis of 
crystal-site structures, as discussed in Section 2.3. The model that is suitable will be 
determined based on examinations of the solid-solution region of CTGS. Unlike 
langasite-type crystals with three elements, no study on the solid-solution region of 
langasite-type crystals with four elements has been previously reported. In this 
chapter, we investigate the solid-solution region of CTGS and discuss which of the 
three possible crystal-site structures of CTGS are valid. 
3.1 Experimental 
3.1.1 Initial bulk composition 
In the quaternary CaO-Ta2O5-Ga2O3-SiO2 system (Fig. 3.1 (a)), stoichiometric 
CTGS (s-CTGS) locates on the CaO equi-concentration plane (Fig. 3.1 (b)), where 
Ca/(Ca+Ta+Ga+Si) = 1/3. The compositions of the prepared samples used in all 
experimental trials were located on this plane, which hereafter will be referred as the 
CaO-1/3 plane. Three compositional series around the stoichiometric point were 
examined on the CaO-1/3 plane in the pseudo-ternary system: Series I, in which CaO 
and Ta2O5 were constant while Ga2O3 and SiO2 were variable; Series II, in which CaO 
and SiO2 were constant while Ga2O3 and Ta2O5 were variable; and Series III, in which 
CaO and Ga2O3 were constant while SiO2 and Ta2O5 were variable (Fig. 3.1 (c)).  
Employing the CaO-1/3 plane allowed us to assume that the concentration of the 
CaO component was constant for all three series, since Ca occupies the largest 
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dodecahedral site (the A site) and no other elements in CTGS would have replaced Ca 
at this site. This assumption is supported by the observation that the secondary phases 
that we investigated around the s-CTGS composition always exhibited the same Ca 
molar ratio: Ca/(Ca+Ta+Ga+Si) = 1/3. A pair of compositions was chosen for study 
from each of the three series, as shown in Fig. 3.1 (c): I (a) and (b), II (c) and (d), and 





Table 3.1  Initial bulk compositions of samples (s) and (a)-(f). 
  Ca/(Ca+Ta+Ga+Si)=1/3 






Stoichiometric (s) 16.67 50.00 33.33 
 
Series I 
(a) 16.67 51.25 32.08 
(b) 16.67 48.33 35.00 
 
Series II 
(c) 16.00 50.67 33.33 
(d) 18.00 48.67 33.33 
 
Series III 
(e) 17.25 50.00 32.75 




Fig. 3.1(a) schematic of quaternary CaO-Ta2O5-Ga2O3-SiO2 system; (b) schematic of 
equi-concentration plane of CaO (CaO-1/3 plane); (c) initial bulk composition of 
Series I, II and III on the Ca-1/3 plane. 
s-CTGS











































3.1.2 XRD analyses and backscattered electron image (BEI) 
observations  
Chapter 3 focuses on the determination of the solid-solution region in the sintered 
CTGS with various initial compositions. XRD analyses and BEI observations are 
used to determine the solid-solution region in this study. 
In XRD analyses, sintered CTGS was characterized by powder XRD; the powder 
patterns were collected using a Rigaku Ultima IV diffractometer equipped with a 
Cu-Kα target (CuKα1:CuKα2 = 2:1, λ = 0.15418 nm). Powdered α-Al2O3 was mixed 
with the samples as a reference. The XRD patterns were analyzed in the range of 
20°–60° using the 2θ–θ method; the X-ray tube was operated at 40 kV and 30 mA. 
The scan speed was 1° per min with a step interval of 0.0002°.  
To observe the surface of the samples and measure the chemical compositions of 
the sintered materials of CTGS, BEIs were collected, and electron probe 
microanalysis (EPMA) was performed using a JEOL JSM 6610A system. Samples 
were embedded in resin and mirror polished for BEI observation. The compositions of 
existing phases were ascertained by EPMA, and the proportion of each phase was 
determined using the image processing software associated with the BEI 
measurement system. 
3.1.3 Evaluation of the degrees of sintering  
The starting materials, CaCO3, Ta2O5, Ga2O3 and SiO2, were all 99.99% pure. 
The raw Ta2O5, Ga2O3 and SiO2 powders were pre-dried at 1100 °C and then mixed in 
the desired proportions. The mixed samples were subsequently ground and sintered at 
1320 °C for 12 hours. The sintering process was repeated a total of four times to 
ensure that chemical equilibrium was achieved. Extensive sintering of these samples 
was necessary and the degree of sintering in each specimen was evaluated by the 
evolution of grain growth.  
Densification was considered to be complete when the grain size plateaued, 
indicating an equilibrium state of mass transportation by diffusion [37,38]. For this 
purpose, the changes in grain size of s-CTGS after sintering for 12, 24, 36 and 48 h 
were examined. The grain size was calculated using the Scherrer equation (Eq. 3.1). 
The XRD patterns of s-CTGS were measured after the samples were sintered for 12, 
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24, 36, and 48 h (Fig. 3.2 (a)). The strongest peak 201, which was centered at 31.2°, 
was used to analyze the change in grain size (shown in Fig. 3.2 (b), where the arrow 
indicates the half-maximum of the peaks). The full width at half maximum (FWHM) 








  (3.1) 
The grain size increased to 23 nm in the case of the sample sintered for 36 h (Fig. 
3.4). The saturation of grain size indicates that the material transport at high 
temperatures achieves an equilibrium state. Thus, s-CTGS was thoroughly sintered. 




Fig. 3.2  XRD patterns of s-CTGS sintered at 1320 °C for 12 h, 24 h, 36 h, and 48 h: 































































Fig. 3.4  Change in grain size estimated using Eq. 3.1 for the CTGS phase as a 






























s-CTGS, 1320 ℃-sintered 
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3.2 Secondary phase identification via XRD analysis 
XRD analysis is a common means of determining the solid-solution region for 
oxide materials, including crystals in the langasite family. In Fig. 3.5, sample (s) 
represents a s-CTGS composition. There was no recognizable secondary phase in this 
sample since all peaks could be ascribed to CTGS, with the exception of peaks 
originating from Al2O3. On the other hand, samples from (a) to (f) were 
non-stoichiometric. As noted, samples (a) and (b), (c) and (d), and (e) and (f) belong 
to Series I, II and III, respectively, as illustrated in Fig. 3.1 (c). Fig. 3.5 presents the 
XRD reflection peaks of these samples. Sample (a), which was Ga-rich relative to the 
s-CTGS composition, generated peaks attributable to Ca3Ta2Ga4O14 (CTG), while 
samples (b) and (d), which were Ga-poor, produced peaks due to CaTa2O6 (CT2). 
Sample (c) did not show any secondary peaks. In each case, the intensities of the 
secondary phase reflection peaks were not strong enough to allow quantitative 
analysis, and thus XRD data were insufficient to determine the solid-solution region 
for CTGS. Based on these results, we therefore applied a lever rule to examine the 











Fig. 3.5  X-ray diffraction (XRD) patterns of s-CTGS and sintered compounds in 


























3.3 Secondary phase identification via BEI observations 
The BEI observations revealed that one or two phases among four secondary 
phases could coexist with the matrix CTGS phase: Ca3Ta2Ga4O14 (CTG), CaTa2O6 
(CT2), CaSi2O5 (CS2), and Ca3Ga4Si2O14 (CGS). The population and coexistence of 
secondary phases exhibited a clear relationship with the initial bulk compositions. 
For quantitative analyses of the populations of secondary phases in the CTGS 
matrix, 20 BEIs were collected for each sample continuously (Fig. 3.6). The computer 
software called ImageJ was used to measure the populations of secondary phases for 
each image. The proportion of secondary phases and its change with initial 
composition will be discussed in Section 3.5.  
Fig. 3.7 (s) presents a BEI of the s-CTGS specimen termed sample (s). A 
secondary phase, Ca3Ta2Ga4O14 (CTG), is evident in this sample, indicating either 
that CTG may be an equilibrium phase and the s-CTGS composition might not be 
found in its solid-solution region or that CTG may represent an unreacted 
non-equilibrium phase. We will discuss this issue in Section 3.5. It should be noted 
that the presence of this small amount of secondary phase was discernible only 
through the BEI observations and not by XRD analysis. 
Figs. 3.7 (a) and (b) show images of Series I samples, in which the Ta2O5 
concentrations were constant but the Ga2O3-SiO2 levels were variable. Fig. 3.7 (a) 
shows that the matrix CTGS phase coexisted with Ca3Ta2Ga4O14 (CTG) in the Ga-rich 
samples. Clear boundaries between the secondary phases and the matrix phase are 
evident in the BEIs, since the average atomic number of the CTG phase is 39.8 while 
that of the CTGS matrix is 31.2 (Table 3.2). In contrast, the Ga-poor sample in Fig. 3.7 
(b) exhibits CaTa2O6 (CT2) and CaSi2O5 (CS2) secondary phases in the CTGS matrix. 
The average atomic number of the CT2 phase is 56.2 while that of the CS2 phase is 
12.6 (Table 3.2), thus the CT2 and CS2 phases are easily distinguished from the CTGS 
matrix. 
Similar observations and analyses were performed with the Series II samples, 
Figs. 3.7 (c) and (d) show images of Series II samples, in which the SiO2 level was 
constant and the Ga2O3-Ta2O5 concentrations varied. In the Ga-rich sample (c), the 
matrix phase was CTGS while the secondary phases were CTG and Ca3Ga2Si4O13 
(CGS). In the Ga-poor sample (d), the secondary phase in the CTGS matrix was CT2. 
The average atomic number of the CGS phase is 20.4, and thus CGS is distinguishable 
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from the CTGS matrix and from the secondary phase of CTG. 
The Series III samples have the Ga2O3 concentration constant while the 
SiO2-Ta2O5 levels were varied. In Fig. 3.7 (e) and (f), the matrix phase coexisted with 
CT2 and CTG in the Ta-rich sample (e), while in the Ta-poor sample (f) the secondary 
phases were CTG and CGS. Again, it should be noted that BEI analysis was a more 
effective means of evaluating the presence of secondary phases than XRD analysis 
since it was able to distinguish minute amounts of secondary phases that could not be 





Table 3.2  Average atomic number of CTGS and secondary phases. 
 CTGS CTG CT2 CS2 CGS 













Fig. 3.7  BEIs of sintered compounds with stoichiometric composition: (s) and 
non-stoichiometric compositions: (a) and (b) from Series I, (c) and (d) from Series II, 




3.4  Phase diagram of CTGS at elevated temperatures 
We applied a lever rule to changes in the proportions of secondary phases 
coexisting with the CTGS matrix with variations of the initial bulk composition in 
order to determine the CTGS boundary compositions that define the solid-solution 
region. During this process, we dealt exclusively with the pseudo-ternary system 
Ta2O5-Ga2O3-SiO2, keeping the CaO concentration constant. The equilibrium tie-line 
diagram for this system is illustrated schematically in Fig. 3.8 (a). The initial 
composition that results in an equilibrium assembly of two secondary phases and the 
CTGS matrix lies in a three-phase triangle (dotted region), while the composition 
associated with one single secondary phase and CTGS is situated along a two-phase 
band. This analysis takes the Gibbs phase rule into consideration. The compositions of 
the two secondary phases and the CTGS matrix were fixed when the initial bulk 
composition was present in a triangle, since this resulted in zero degrees of freedom. 
In contrast, the compositions of the single secondary phase and the CTGS were both 
variable when the initial bulk composition was within the two-phase band, since this 
scenario allowed one degree of freedom. Therefore, a sample having a composition 
that generated a two-phase assembly was both preferable and beneficial when a lever 
rule was applied, in terms of ascertaining the boundary compositions of the CTGS 






Fig. 3.8  Schematic illustrations of the equilibrium assembly of secondary phases 
and CTGS in the CaO·Ta2O5-CaO·Ga2O3-CaO·2SiO2 pseudo-ternary system: (a) 
equilibrium tie lines. The shaded areas indicate the solid-solution regions for CT2, 
CTG, CGS and CS2, respectively, (b) equilibrium phase relationships around the 































































3.5 Determination of the solid-solution region using the 
lever rule 
The changing proportions of the secondary phases associated with the bulk 
composition in each series were determined by analyses of BEIs. Many voids with 
small sizes comparable to those of secondary phases were found. During the lapping 
and polishing process, we regularly checked the surface of the specimen using an 
optical microscope. We did not find the removal of secondary phases during these 
processes. Thus, voids were thought to form during the sintering process. Their 
population was measured and taken into account for the calculation of the population 
of the secondary phases. Fig. 3.9 (a) shows the variations of the secondary phase 
proportions in Series I as the initial bulk composition of Ga2O3-SiO2 is varied. In the 
region that is Ga-rich relative to the s-CTGS composition (50 mol% Ga2O3), the only 
phase coexisting with CTGS is CTG, and its quantity decreases as the initial bulk 
concentration of Ga approaches the stoichiometric composition from the Ga-rich side. 
The minimum CTG concentration is found to be 0.13% at the stoichiometric 
composition. Thus, the Ga-rich region in Series I is located within the two-phase band 
composed of CTGS and CTG shown in Fig. 3.8 (b), and the relative proportions of 
the coexisting CTGS and CTG vary according to the initial bulk composition. A 
similar analysis was employed for the Ga-poor region in Series I, where some CTGS 
coexists with CT2 and CS2 phases as shown in Fig. 3.8 (b), and indicated that the 
Ga-poor region in Series I is possibly present within the three-phase triangle 
consisting of CTGS, CT2 and CS2. As will be discussed later, however, the 
composition close to the stoichiometric composition is found in the two-phase band 
consisting of CTGS and CT2 where CT2 first appears alone. As the composition 
moves from the two-phase band to the three-phase triangle (Fig. 3.8 (b)), CS2 
subsequently joins CT2. According to the phase rule, the compositions of all three 
phases should be fixed, although their proportions vary in accordance with the initial 
bulk composition. 
The same assessment was carried out for the samples in Series II and III, in which 
the proportions of the secondary phases coexisting with CTGS changed with the 
initial bulk compositions variable in the Ga2O3-Ta2O5 and the Ta2O5-SiO2, 




Fig. 3.9  Changes in secondary phase proportions with variations in initial bulk 
compositions: (a) Series I, (b) Series II, and (c) Series III. The numbers in each graph 
































































































































summarized in Fig. 3.9 (b). In the region that is Ga-rich relative to the s-CTGS 
composition (50 mol% Ga2O3), CTG first appears near the stoichiometric point, 
indicating that this bulk composition is included within the two-phase band consisting 
of CTGS and CTG (Fig. 3.8 (b). This is to be expected based on the above results for 
Series I. In addition, CGS appears when the initial bulk composition enters the 
three-phase triangle consisting of CTGS, CTG and CGS (Fig. 3.8 (b)). The 
proportions of both CTG and CGS are seen to increase as the Ga2O3 concentration of 
the initial bulk composition increases. In the Ga-poor region, CT2 is the only phase 
coexisting with CTGS and thus this region is found within the two-phase band 
consisting of CTGS and CT2 (Fig. 3.8 (b)), where the relative proportions are variable 
depending on the initial bulk composition.  
The proportion changes of the secondary phases in the Series III samples are 
demonstrated in Fig. 3.9 (c). In the region that is Ta-rich relative to the s-CTGS 
composition (16.7 mol% Ta2O5), CT2 and CTG are the secondary phases in 
equilibrium with CTGS, and the initial compositions are included in the three-phase 
triangle consisting of CTGS, CT2 and CTG (Fig. 3.8 (b)). Although their proportions 
vary with the bulk composition, based on the phase rule, all three phases are not 
expected to exhibit changes in their compositions. In the Ta-poor region, CTG first 
appears near the stoichiometric point, indicating that its bulk composition is included 
within the two-phase band consisting of CTGS and CTG (Fig. 3.8 (b)). In addition, 
CGS appears at the point where the initial bulk composition enters the three-phase 
triangle consisting of CTGS, CTG and CGS (Fig. 3.8 (b)). This is similar to the case 
of the Ga-rich composition near the stoichiometric composition in Series II. The 
proportions of both CTG and CGS are seen to increase as the Ta2O5 content of the 
initial bulk composition decreases. The observed increments in the CTG content are 
difficult to explain and might simply be artifacts due to the small proportion of CTG 
in the material.  
3.3 mentioned CTG phase was found in sintered material with a s-CTGS 
composition (Fig. 3.7 (s)). Such CTG was either an unreacted phase or an equilibrium 
phase. The possibility of an equilibrium phase is due to the following: CTG began to 
appear at 50 mol% of Ga2O3 and its amount increased linearly as the Ga2O3 content 
increased in Series I (Fig. 3.9 (a)) and the same trend was observed in Series II (Fig. 
3.9 (b)), which reflects the proportional relationship between the amount of CTG and 
the excess Ga2O3. Thus, the stoichiometric composition of CTGS may not belong to 
46 
the solid-solution region of CTGS and might have produced CTG as an excess phase. 
Based on the above analysis of the secondary phase proportion changes, we 
subsequently calculated the boundary compositions of the CTGS solid-solution region 
by applying a lever rule to the proportions of the secondary phases and the CTGS. 
This calculation procedure can be illustrated using a Series I specimen as an example. 
Since the observed CTGS and secondary phase compositions always have the same 
CaO ratio [Ca/(Ca+Ta+Ga+Si) = 1/3], we need only consider the Ta2O5, Ga2O3 and 
SiO2 components, while holding CaO constant. Applying a lever rule to the volume 
ratios of secondary phases and the CTGS matrix, the boundary compositions of the 
CTGS phase were calculated using Eq. 3.2: 
2 2
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where ri represents the proportion of secondary phase i, and (tint, gint, sint) and (tss, gss, 
sss) represent the ratios t = Ta/(Ta+Ga+Si), g = Ga/(Ta+Ga+Si) and s = Si/(Ta+Ga+Si) 
in the initial bulk composition and those in the matrix CTGS solid solution, 
respectively. For example, the (tint, gint, sint) values are (16.7, 50.0, 33.3) when the 
initial bulk composition is set equal to the s-CTGS composition. We assume that the 
compositions of secondary phases are fixed although they show solid solution as 
shown in Fig. 3.8 (b). We also assume that the there is no difference in density among 
secondary phases and CTGS. The values of (t, g, s) for CaTa2O6 (CT2), Ca3Ta2Ga4O14 
(CTG), CaSi2O5 (CS2) and Ca3Ga4Si2O13 (CGS) are (100, 0, 0), (33.3, 66.7, 0), (0, 0, 
100) and (0, 66.7, 33.3), respectively.  
The calculated boundary compositions for CTGS in equilibrium with the 
secondary phases are indicated by solid circles in Fig. 3.10. As illustrated in Fig. 3.8 
(b), when the initial bulk composition lies in the two-phase region where CTGS and 
one secondary phase coexist, one degree of freedom is available for varying the 
composition of coexisting CTGS. For instance, in Fig. 3.10 (a), compositions 1 
through 4 yield CTGS+CTG, and compositions 5 and 6 yield CTGS+CT2. The 
calculated CTGS compositions corresponding to these initial compositions were 
varied and form a portion of the boundary of the CTGS solid solution. In contrast, in 







Fig. 3.10  Boundary compositions of the CTGS solid-solution regiondetermined by a 
lever rule applied to changes in secondary phase proportions in each series, (a) Series 
I, (b) Series II, (c) Series III. The numbers in the plots in each series correspond to 
those in Fig. 3.9. The solid circles in each plot indicate calculated boundary 
compositions of CTGS solid solution. Solid circles encircled by the dotted line were 
calculated from the initial composition in the three-phase region, while the other solid 














































































































the corresponding compositions of CTGS converge due to the absence of any degrees 
of freedom; this region is enclosed by the dotted line in the figure. Ideally these 
values should all converge, although the experimental results do not show complete 
convergence. The calculated boundary compositions for CTGS in equilibrium with 
secondary phases in Series II and III were also calculated and are presented in Figs. 
3.10(b) and (c), respectively. Using the results shown in Figs. 3.10(a) to (c), the 
CTGS solid-solution region was eventually determined, and is represented by the gray 
shaded region in Fig. 3.11. The solid boundary line was experimentally obtained 
whereas the dotted line is the estimated one. The CTGS solid-solution region was 
determined to be CaO-Ta2O5: 15.9-16.6 mol%; CaO-Ga2O3: 49.6-49.9 mol%; and 
CaO-2SiO2: 33.4-34.3 mol%. The solid-solution region for CTGS is elongated 
parallel to the Ta2O5-SiO2 line occupying Ta2O5-poor, slightly Ga2O3-poor and 
slightly SiO2-rich regions. 
The results of the solid-solution region determination support the crystal-site 
structure of the VB model: vacancies are required at the B site to compensate the 
charge imbalance at the C site. CTGS has a narrow solid-solution region compared 
with langasite-type crystals with three elements, which suggests that CTGS is a more 
promising material for high-temperature pressure sensors. The procedure used in this 








Fig. 3.11  Solid-solution region for CTGS. The solid boundary line was experimentally 


























We have applied a lever rule to data regarding the secondary phases and the 
CTGS matrix associated with various bulk compositions around the s-CTGS 
composition. Secondary phases were found to form in the CTGS matrices of sintered 
materials and their compositions and proportions were investigated by EPMA and 
BEIs. The data indicate that the CTGS solid-solution region is elongated parallel to 
the Ta2O5-SiO2 line, and occupies a Ta2O5-poor, slightly Ga2O3-poor and slightly 
SiO2-rich region. The procedure applied in this study was novel and should be 
applicable to the assessment of the solid-solution regions for other complex materials. 
1. Conventional XRD analysis was insufficient to determine the solid-solution 
region for CTGS because the intensities of the secondary-phase reflection 
peaks were not sufficiently strong to allow quantitative analysis. 
2. The variation of proportions of the secondary phases associated with the bulk 
composition in each series was determined via BEI observations. The 
boundary compositions of the CTGS solid-solution region were determined 
by applying a lever rule to the proportions of the secondary phases and CTGS 
in combination with the composition of the secondary phase. 
3. Solid-solution region of CTGS was determined to be, CaO-Ta2O5: 15.9-16.6 
mol%; CaO-Ga2O3: 49.6-49.9 mol%; and CaO-2SiO2: 33.4-34.3 mol%. The 
solid-solution region of CTGS is elongated parallel to the Ta2O5–SiO2 line 
and occupies a Ta2O5-poor, slightly Ga2O3-poor, and slightly SiO2-rich region, 
which supports the VB model of crystal-site structure: vacancies are required 









Chapter 4 Congruency, crystal growth, 
and liquid immiscibility of 
CTGS 
This chapter discusses the crystal growth of CTGS. The congruency of a crystal 
is crucial for ensuring the growth of homogeneous crystals that have reliable physical 
properties for device applications. Langasite-type crystals with three elements, such 
as langasite (LGS, La3Ga5SiO14) and langatate (LTG, La3Ta0.5Ga5.5O14), have been 
shown to be incongruent [34,40], which causes fatal polycrystallization defects during 
growth. Therefore, for the large-scale growth of crystals intended for use as pressure 
sensors at high temperatures, a congruent langasite-type crystal with four elements is 
desired. Differential thermal analysis (DTA) was thus employed to examine the 
congruency of CTGS.  
Liquid–liquid phase separation, referred to as liquid immiscibility, has been 
studied as an important differentiation mechanism in silicate melts [4142-43]. The 
occurrence of liquid immiscibility is harmful to crystal growth because this 
phenomenon results in the formation of a secondary phase in the host crystal. Liquid 
immiscibility has been reported in langasite-type crystals with three elements [44]. 
However, the existence of liquid immiscibility in langasite-type crystals with four 




4.1.1 DTA measurement of stoichiometric CTGS  
To study the congruency of CTGS, DTA measurements were obtained using a 
Linseis DTA/DSC PT1600 under an air atmosphere with heating and cooling rates of 
20 °C/min. Pt crucibles were used for the sample and the reference. Stoichiometric 
CTGS (s-CTGS) (50 mg) was placed in the sample crucible, while the reference 
crucible remained empty. For temperature calibration, the melting point of Au 
(1064.4 °C) was used and confirmed before and after the measurement of CTGS. 
Thus, the accuracy of the DTA data for CTGS was assured. 
4.1.2 Crystal growth of CTGS using the 
micro-pulling-down technique 
A CTGS bulk crystal was grown using the micro-pulling-down technique (μ-PD 
technique), schematically shown in Fig. 4.1. A pipe-shaped capillary with a length of 
1 mm and a diameter of 2 mm was attached to the bottom of the container portion of 
the crucible. The container portion of the crucible comprised Pt–Rh (10% Rh), while 
the capillary was pure Pt. Electric power (5 V, ~10 A) was applied directly to the 
Pt–Rh crucible for self-heating. The temperature of the melt was controlled by 
varying the current supplied to the crucible. The after-heater in the furnace was placed 
2 cm below the capillary and was set at 800 °C. Assuming that the temperature of the 
liquid–solid interface was approximately 1430 °C (see Section 4.2), the temperature 
gradient at the interface was in the range from 500–700 °C/cm. A langatate crystal 
with a c-axis orientation was used as a seed to grow the CTGS crystal because 
langatate has the same crystal structure as CTGS, which results in only a slight 
mismatch of the crystal lattice; thus, a low degree of distortion and a high degree of 
coherency was achieved in the lattice of the obtained CTGS crystal. In addition, the 
melting point of langatate is approximately 1450 °C, which is close to that of CTGS 
(1430 °C). The langatate seed crystal was moved upward until it contacted the CTGS 
melt at the tip of the capillary. CTGS crystal was then grown by pulling down the 
seed at the rate of 2 mm per hour. The interface of the melt and the crystal was 
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observed during crystal growth (Fig. 4.2). The growth conditions are listed in Table 
4.1. 
 
Table 4.1  CTGS crystal growth condition 
 
Crystal growth technique μ-PD technique 
Atmosphere Air 
Crucible Pt + 10%Rh 
Capillary Length: 1 mm. Diameter: 2 mm 
Applied power 5 V, ~10 A 











Fig. 4.1  Schematic of the μ-PD furnace used to grow CTGS crystals. During the 
crystal growth, the solid–liquid interface was observed using an optical microscope. 
 
 




































4.2.1 Congruency of CTGS 
Two cycles of DTA plots for the melting and solidification of s-CTGS are shown 
in Fig. 4.3. Fig. 4.3 (a) presents the curves obtained during heating of the sample to 
1650 °C, while Fig. 4.3 (b) shows the curves obtained during heating to 1490 °C.  
In Fig. 4.3 (a), endothermic peaks near 1430 °C in both the cycles represent the 
CTGS melting. Notably, the composition of the sintered CTGS sample used for the 
DTA measurement is that of sample(s), as listed in Table 3.1. Sample(s) contained a 
0.13% CTG secondary phase; however, for this CTG phase, no endothermic peak 
appeared during the heating process because of very low content of CTG phase. 
During the cooling process for both cycles, the minor peaks near 1285 °C indicate the 
solidification of CTGS from the melt. These peaks have weak intensities because 
much of the melt remains in a glassy state during cooling. The exothermic peak 
observed during heating in the 2
nd
 cycle indicates the transition of CTGS from the 
glassy to the crystalline state. Notably, both cycles exhibit a pair of endothermic and 
exothermic peaks, demonstrating that CTGS is congruent. 
When the sample was heated to 1490 °C (Fig. 4.3 (b)), melting peaks near 
1430 °C were observed in both cycles, as were observed when the sample was heated 
to 1650 °C. However, during the cooling process, an exothermic peak appeared at 
1280 °C followed by a smaller exothermic peak at 1160 °C. This smaller peak may 
represent the crystallization of the secondary phase, which was not detected when the 
sample was heated to 1650 °C. Therefore, the difference in the maximum heating 







Fig. 4.3  Two cycles of DTA plots for the melting and solidification of sintered 
CTGS with a stoichiometric composition: (a) heated to 1650 °C and (b) heated to 
1490 °C.  
(ºC)
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4.2.2 Crystal growth of CTGS and secondary phase 
observation via BEI analysis 
A colorless and transparent CTGS single crystal with a mass of 120 mg, a length 
of 7 mm, and a diameter of 2 mm was obtained via μ-PD growth (Fig. 4.4). To 
evaluate the degree of homogeneity of the crystal and to determine whether any 
secondary phases were present in CTGS crystal, a cross section of the obtained crystal 
was subjected to BEI observation. The specimen was cut from the top portion of the 
obtained CTGS crystal and mirror polished.  
BEI analysis revealed secondary phases as white spheres (Fig. 4.5). The 
compositions of the matrix and secondary phases were determined via electron-probe 
microanalysis (EPMA). The matrix phase of CTGS investigated in Chapter 3 was rich 
in Si and poor in Ga and Ta. On the contrary, the secondary phase was identified as a 
Ca–Ta–Ga oxide (CTG). The compositions of the matrix CTGS and secondary CTG 
phases are presented in Table 4.2. Notably, CTG appeared in the early stage of CTGS 
crystallization. 
Many groups have reported that CTGS crystals grown using the Czochralski (Cz) 
technique do not appear to have secondary phases [26-29]. However, these groups did 
not confirm the absence of secondary phases that might be hiding in the melt that 
remained separate from the growing crystal. However, with the μ-PD method, all the 
melt is consumed, and therefore, secondary phases cannot stay hidden. In addition, 
Yokota et al. [30] observed a secondary phase in the peripheral portion of a CTGS 
crystal grown from a stoichiometric melt using the μ-PD technique, which is similar 
to the result obtained in the present study. 
 
Table 4.2  Compositions of the host CTGS and the secondary CTG phases in CTGS 

















Fig. 4.5  BEI of a cross section of CTGS crystal. 
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4.3 Liquid immiscibility in CTGS melts 
Preventing the formation of secondary phases is a critical issue for obtaining 
high-quality, large single crystals. Clarifying the formation mechanism of secondary 
phases should enable the identification of methods for suppressing their formation. 
Thus, the formation mechanism of the secondary phase during CTGS growth was 
investigated. Three possible mechanisms were considered: incongruency, eutectic 
reaction, and liquid immisicbility.  
Incongruency of a material yields a primary phase different from the host phase 
during the early stage of the cooling process. However, CTGS is a congruently 
melting material (see Fig. 4.3 (a) in Section 4.2.1).  
The eutectic reaction yields a secondary phase when the melt reaches the eutectic 
point. As described above in Chapter 3, the stoichiometric composition of CTGS was 
found to be outside the solid-solution region. The schematic phase diagram for 
CTGS–CTG binary system is shown in Fig. 4.6. During CTGS crystallization, the 
composition of the melt travels along the liquidus line, and the secondary CTG phase 
appears when the composition of the melt reaches the eutectic point (e). However, 
such a secondary phase induced by the eutectic reaction only forms during the late 
stage of crystal growth. In the present study, CTG phase was observed during the very 
beginning stage of crystal growth (Fig. 4.5), which indicates that it was not formed 





Fig. 4.6  Schematic phase diagram for the pseudo-binary CTGS–CTG system 
assuming a eutectic reaction. The melt changes its composition along the liquidus line 
from points s to e during crystallization of CTGS. CTG joins where the melt reaches 











The extra exothermic peaks near 1280 °C in the DTA curves obtained when 
CTGS sample was heated to 1490 °C, which indicate the appearance of CTG 
secondary phase in CTGS bulk crystal, can be explained by liquid immiscibility. 
When the melt with a s-CTGS composition was cooled down from 1490 °C, 
liquid–liquid phase separation possibly occurred prior to initiation of the solidification 
process, leading to differentiation into Si-poor and Si-rich melts (Fig. 4.7). CTGS 
subsequently crystallized from the Si-rich melt, while CTG secondary phase 
precipitated from the Si-poor melt. However, the melt cooled from 1650 °C did not 
experience such a phase seperation but directly reached CTGS liquidus line. 
Therefore, phase separation during CTGS growth presumably occurs under 
conditions in which the temperature at the liquid–solid interface is lower than 
1490 °C. Fig. 4.8 presents a magnified version of the BEI image of CTGS 
melt/langatate seed crystal contact area (Fig. 4.5). The white spherical shapes with 









Fig. 4.7  Schematic phase diagram of CTGS–CTG system showing the liquid 
immiscibility gap in CTGS melt. (a) Cooled down from 1490 °C and (b) cooled down 
from 1650 °C.   



























Fig. 4.8  BEI of CTGS crystal near the seed. The white spheres are CTG. Note that 




The congruency and liquid immiscibility of CTGS were investigated, and the 
formation mechanism of CTG secondary phase that is present in CTGS crystal was 
clarified. 
1. CTGS was shown to be a congruently melting material, with only a pair of 
melting and solidification peaks observed in the DTA curves. Considering that 
langasite-type crystals with three elements are known to be incongruently melting 
materials, CTGS, which is a langasite-type crystal with four elements, is 
advantageous for crystal growth.  
2. Colorless and transparent CTGS crystal was grown using the μ-PD technique. It 
contained a secondary phase that was determined to be CTG. Using EPMA, the 
composition of the host CTGS phase was determined to be rich in Si and poor in 
Ga and Ta and to fall in the solid-solution region.  
3. Liquid–liquid phase separation occurred in the s-CTGS melt near 1490 °C, and 
Si-rich and Si-poor melts were formed. The host CTGS crystal solidified from the 
Si-rich melt that belonged to the solid-solution region, whereas CTG secondary 




Chapter 5 Conclusion 
CTGS is a promising candidate for pressure sensors used at high temperatures 
because it is a piezoelectric material with high electrical resistivity that is dominated 
by the locations and population of the metal vacancies. Thus, the locations of metal 
vacancies in CTGS crystal-site structure were investigated. Then crystal-site 
structures and solid-solution region for crystalline CTGS have been determined. The 
thesis comprises five chapters as follows. 
In Chapter 1, the objective of the current research, which was to determine the 
locations of metal vacancies in four-element langasite-type crystals such as CTGS, 
was explained. The relation between the resistivity of langasite-type crystals and the 
locations of metal vacancies in the crystal site structure was also introduced. 
In Chapter 2, possible crystal-site structures in CTGS were proposed, and the 
possible sites for metal vacancies in each were noted. Methods for reducing the 
number of possible crystal-site structure were then outlined. First, the possible crystal 
sites for constituent Ca, Ta, Ga, and Si atoms were evaluated using the Hume–Rothery 
rules, and eight crystal-site structures were proposed. The number of possible 
crystal-site structures was then further reduced by considering the degrees of freedom 
in the crystal sites. Finally, three crystal-site structures were concluded as viable for 
CTGS.  
In Chapter 3, to determine the solid-solution region for CTGS, a lever rule was 
applied to the secondary phase and matrix CTGS populations with the compositions 
of the secondary phases combined. The compositions of the secondary phases were 
determined using EPMA, while the populations of the secondary phases were 
examined using BEI analysis. One or two types of the secondary phases were found to 
coexist with the matrix CTGS phase. These secondary phases included Ca3Ta2Ga4O14 
(CTG), CaTa2O6 (CT2), CaSi2O5 (CS2), and Ca3Ga4Si2O14 (CGS). The phase relation 
at 1320 °C between CTGS and the secondary phases was investigated by applying the 
Gibbs phase rule to the phase assembly of each secondary phase with the matrix 
CTGS phase. The determined solid-solution region was found to be located in a 
region with poor Ta, slightly poor Ga, and slightly rich Si compositions on the Ca-1/3 
plane. This result indicated that CTGS has a crystal-site structure with a vacancy 
present at the B site. 
In Chapter 4, CTGS was confirmed to be a congruently melting material using 
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DTA measurement, with only a pair of peaks for melting and solidification appearing 
in the DTA curves. In addition, the mechanism of secondary phase formation was 
clarified. Liquid immiscibility may be present in CTGS melts. When identical 
samples were heated to different maximum temperatures, the DTA reults revealed that 
a liquid–liquid phase separation occurred at approximately 1490 °C, resulting in the 
formation of different Si-poor and Si-rich melts. Notably, this liquid immiscibility 
was observed during the crystal growth of CTGS using the μ-PD technique. Colorless 
and transparent CTGS crystals were successfully grown with CTG secondary phases 
that appeared at the very beginning of the crystal growth process. The host CTGS 
phase crystallized from the Si-rich melt, while CTG secondary phase precipitated 
from the Si-poor melt.  
The results of this study confirm that CTGS is a promising material for use in 
high-temperature pressure sensors because it is a congruently melting material that 
has a limited solid-solution region. In addition, the procedures used in this study for 
assessing the crystal-site structure and solid-solution region are novel and applicable 
to other complex oxide materials.
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Appendices  
A.1 Application of the lever rule for determining the mass 
fractions of the phases present in a binary system 
For a certain composition in a two-phase field of an A-B binary system, the mass 
fractions of the two stable phases are determined by applying the lever rule. In Fig. 
A.1, a and c respectively indicate the compositions of a liquid and solid coexisting at 
temperature T, where b represents the bulk composition. Application of the lever rule 
determines the mass fraction of the liquid (ML) and solid (MS) phases. Eq. A.1 
represents the lever rule:  




= (b -a) : (c -b)  (A.1) 
If b, MS /ML, and a (or c) are given, c (or a) can be obtained, while MS /ML is 
obtained for given values for b, a, and c. Thus, the lever rule can be used to determine 








Fig. A.1  Binary (A-B) phase diagram. L: liquid, S: Solid, a: composition of the 
liquid, b: initial bulk composition, c: composition of the solid, MS: mass fraction of 












A.2 Application of the lever rule for determining the 
boundary composition of the solid-solution region in a 
binary system 
In Chapter 3, the lever rule was used to determine the boundary composition of 
the solid-solution region for CTGS in a CaO·Ta2O5–CaO·Ga2O3–CaO·SiO2 
pseudo-ternary system (Fig. 3.11). Here, we show the use of the lever rule for 
determining the boundary composition of the solid-solution region using an AB2–B 
binary system as an example. The boundary compositions of the solid-solution 
regions for the AB2 phase are determined by providing the initial bulk composition, 
the mass fraction of the AB2 or B phase, and the compositions of the B phase that is in 
equilibrium with the AB2 phase. 
Fig A.2 illustrates the phase diagram of the AB2–B binary system. The AB2–B 
system is described as a B2A–B2B system, and thus, the equilibrium compositions of 
the AB2 and B phases are represented by B2A1−mBm and B2A1−sBs, respectively. The 
parameters m and s represent the matrix and secondary phases, respectively. Likewise, 
the initial bulk composition is represented by B2A1−iBi, where i stands for “initial.” 
The order of these parameters is 0 ≤ m < i < s ≤ 1. The mass fractions of the AB2 and 
B phases are (1 − r) and r, respectively. The initial bulk composition, B2A1−iBi, is 
given by Eq. A.2: 
2 1- 2 1- 2 1- B A B +(1- ) B A B =B A Bs s m m i ir r .           (A.2) 
Because all three compositions are represented by B2A1-jBj (j = m, i, s), only the 
variation of A1−jBj is considered. Thus, Eq. A.2 is differentiated into the mass 
conservation equations Eq. A.3a and A.3b for elements A and B, respectively: 
 





  + (1- ) = r s r m i . (A.3b) 
 
Notably, Eqs. A.3a and A.3b are equivalent. 
In Chapter 3, to obtain the boundary composition of CTGS solid-solution region, 
r was experimentally determined, i indicated the initial bulk composition that was 
experimentally established, and s indicated the composition of the secondary phase, 
which was assumed to be 1 for the simple stoichiometric composition. Thus, the 
boundary composition of the AB2 solid solution, m, was obtained using Eq. A.4, 






 . (A.4) 
The calculated boundary compositions for AB2 compounds with three different 
initial bulk compositions i and mass fractions of the B phase, r, but a fixed 
composition for the B phase of B2.9A0.1 (s = 0.9), are listed in Table A.1.   
 
Table A.1  Boundary compositions for the AB2 phase with different initial bulk 
composition and mass fractions of the B phase, but a fixed B phase composition. 
 
B phase (s) A0.1B2.9 A0.1B2.9 A0.1B2.9 
Initial bulk composition (i) A0.7B2.3 A0.5B2.5 A0.3B2.7 
Mass fraction of the B phase (r) 0.1 0.45 0.65 
AB2 phase (m) A0.77B2.23 A0.83B2.17 A0.67B2.33 
 
If the compositions of the AB2 phase and the B phase are both fixed, once the 
initial bulk composition is given, the mass fraction of the AB2 phase or the B phase 
can be obtained because the initial composition and mass fraction of the B phase are 
interrelated. This example is similar to the case in Chapter 3, in which the boundary 
compositions of the solid-solution region in CTGS were obtained from the different 
bulk compositions (Series I, II, and III) combined with the volume fractions of the 
secondary phases. 
The mass fraction, r, can be obtained for given compositions of the AB2 phase 







 . (A.5) 
The mass fraction ratio were calculated and are listed in Table A.2 for the AB2 




Table A.2  Mass fractions of the B phase for different initial bulk compositions 
and fixed compositions for the AB2 and B phases. 
 
B phase (s) A0.1B2.9 A0.1B2.9 A0.1B2.9 
AB2 phase (m) A0.77B2.23 A0.77B2.23 A0.77B2.23 
Initial bulk composition (i) A0.7B2.3 A0.5B2.5 A0.3B2.7 













Fig. A.2  Schematic phase diagram for an AB2–B binary system. The lever rule is 
applied to determine the boundary composition of the AB2 phase using the initial bulk 
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